The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for personal research or study, educational, or not-for-prot purposes provided that:
Introduction
Diatoms are a common and abundant component of Arctic phytoplankton communities, and their distribution is strongly influenced by sea ice cover and surface water temperature [Hasle and Syvertsen, 1996; Quillfeldt, 2001; Arrigo et al., 2012] . Melting sea ice and glacial discharge along the coasts of Greenland influence succession and distribution of the marine diatoms [e.g., Gradinger and Baumann, 1991; Quillfeldt, 1996 Quillfeldt, , 2001 . Diatom blooms in particular tend to follow the receding sea ice edge during summer with changing species composition over the growth season [Gradinger and Baumann, 1991] . Diatom species belonging to genera, such as Fragilariopsis, Thalassiosira, and Chaetoceros are common in coastal waters of Greenland, Svalbard, Iceland, and Norway during spring and summer blooms [e.g., Hasle and Syvertsen, 1996; Hasle and Heimdal, 1998; Quillfeldt, 2001; Jensen, 2003; Degerlund and Eilertsen, 2010; Krawczyk et al., 2015] . These diatom genera are also common in adjacent marine sediments and have been successfully used in reconstructing the past environments. In the North Atlantic region diatoms have been used as a tool for reconstructing quantitative sea ice concentration (SIC) and sea surface temperature (SST) throughout the Holocene using transfer function method [e.g., Jiang et al., 2001; Andersen et al., 2004a Andersen et al., , 2004b Justwan and Koç, 2008; Berner et al., 2011; Miettinen et al., 2012 Miettinen et al., , 2015 . However, diatom-based reconstructions along West Greenland have so far primarily been qualitative [e.g., Jensen, 2003; Moros et al., 2006; Ren et al., 2009; Krawczyk et al., 2010 Krawczyk et al., , 2013 ]. An exception to this is a recent transfer function study by Sha et al. [2014] using a modern data set collected mostly from coastal waters around Iceland and some off Greenland (expanded from Jiang et al. [2001] ).
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Millennial-scale climate fluctuations during the last 10,000 years have been identified in the GreenlandArctic region [O'Brien et al., 1995; Alley et al., 1999] and in the North Atlantic region [Andersen et al., 2004a [Andersen et al., , 2004b Miettinen et al., 2012] . These fluctuations are generally linked to shifts in sea ice cover and Greenland Ice Sheet extent, the North Atlantic Current system, the North Atlantic Oscillation (NAO), and the Atlantic Meridional Overturning Circulation (AMOC). Fluctuations in sea ice cover, NAO, and AMOC are also suggested to explain a recently identified late Holocene antiphase relationship between West Greenland surface water temperatures and northwest European climate, resembling the presentday climate seesaw [e.g., Seidenkrantz et al., 2007 Seidenkrantz et al., , 2008 ; Krawczyk et al., 2013] . Bianchi and McCave [1999] suggested Holocene climate variability at~2500,~1500, and~950 years periodicities, possibly caused by changes in solar flux and internal oscillation of the climate system. During the last millennium, a pronounced climatic cooling has been widely recognized in the Northern Hemisphere [e.g., Kaufman et al., 2009; Vinther et al., 2009; McGregor et al., 2015] . However, recent studies show a warm anomaly in surface waters of West Greenland and subpolar North Atlantic during the Little Ice Age [Seidenkrantz et al., 2008; Miettinen et al., 2012; Krawczyk et al., 2013] . Over the past few decades a tendency toward increased water temperature and reduced sea ice cover in the Baffin Bay and Arctic Ocean [Comiso, 2006] as well as increased freshwater runoff from the Greenland Ice Sheet [Hanna et al., 2008; Vinther et al., 2009] have been observed. Also, an extreme phase during the winter NAO phase has been revealed, contributing to the wintertime warming across Europe and cooling conditions in the NW Atlantic [Hurrel, 1995] . Nevertheless, the dynamics of the ocean-climate system are still poorly understood and a better understanding of the relationship between ocean and climate on a longer timescale is necessary to help estimate future climate changes.
This paper presents high-resolution quantitative reconstructions of primarily SIC supported by SST for the outer Disko Bay, West Greenland region using diatom transfer functions for the past~11,000 years. We have investigated the Holocene oceanographic changes based on a newly developed modern diatom data set collected from the West Greenland coast between 59°N and 72°N. The purpose of this paper is to present the identified seasonal variability in SIC along with SST in the context of regional and large-scale oscillations within the ocean-climate system in the Arctic during the Holocene.
Oceanographic Setting
Baffin Bay is located within Arctic climate zone with average air temperature in July below 10°C and surface water temperature of~5°C [Boertmann et al., 2013] . The oceanography along the West Greenland shelf is governed by the seasonal sea ice cover, West Greenland Current (WGC; Figure 1 ) and glacial ice originating from the Greenland Ice Sheet. In winter and spring, two types of sea ice occur in the Baffin Bay region, i.e., drift ice ("West Ice") and fast ice anchored to the coast [Boertmann et al., 2013] . Sea ice starts to form in northern Baffin Bay at the end of September and covers much of the area by late December. Maximum sea ice extent is observed in March-April, leaving area south of Fyllas Banke largely ice free [Boertmann et al., 2013; Juul-Pedersen et al., 2014] . In contrast, minimum sea ice cover in Baffin Bay along with higher water temperatures appear from June/July to September (e.g., Figure 2 ) [Boertmann and Mosbech, 2011; Juul-Pedersen et al., 2014; Ribergaard, 2014] . The WGC is composed of cold, low-salinity Polar Water (PW) of Arctic origin and the temperate, saline Irminger Water (IW) of Atlantic origin [Buch, 1981; Tang et al., 2004; Ribergaard, 2014] (Figure 1 ). The IW can be traced all along the coast [Buch 1990 ] and on average has a temperature of 3.5-4.5°C and salinity of 34.2-34.9 [Buch, 1981; Lloyd, 2006; Ribergaard, 2014] . The PW has a temperature from 1-2°C in SW Greenland to À1°C in the Uummannaq area with salinity below 33.7 [Ribergaard, 2014] . The PW loses its momentum around the latitude of Fyllas Banke and does not penetrate northern Baffin Bay [Boertmann and Mosbech, 2011; Boertmann et al., 2013] allowing the IW to rise toward the surface. The WGC flows northward through Disko Bay and Vaigat Strait ( Figure 1 ) and is influenced by meltwater from sea ice and glacial discharge from fjords and outlet glaciers on its way north [Boertmann et al., 2013] . The complex topography of the West Greenland shelf and the strong tidal currents deflect the WGC around the shallow banks [Ribergaard et al., 2004; Söderkvist et al., 2006] . with marked samples regarded as modern (green circles). Names of the sampled regions are given on the map (for more details see Table 1 ). The gravity cores were collected from Disko Bay, i.e. MSM343310 and MSM343300 (solid stars in insert map). A schematic circulation system around Greenland is also shown, i.e. WGC-West Greenland Current with source waters, i.e., IW-Irminger Water and PW-Polar Water. .
Materials and Methods

Environmental Variables
The modern environmental data used in this study, i.e., sea ice concentration (SIC) and sea surface temperature (SST), were obtained from satellite reanalysis (see example given in Figure 2 ). The SST reanalysis data were constructed from 1982 to 2012 using infrared satellite observations from the Pathfinder 5.2 project [Casey et al., 2010] and the Along Track Scanning Radiometer Reprocessing for Climate data set [Embury and Merchant., 2012] . The two data sets were interpolated as described in Høyer and She [2007] using the bias correction method presented in Høyer et al. [2014] to produce daily gap free SST fields with a spatial resolution of 0.05°latitude and longitude. SST fields from year 2013 and 2014 were taken from the operational runs. Validation against independent in situ observations has shown that the daily SST fields have an uncertainty of 0.5°C. Average monthly SST fields were constructed from the daily time series and the SST values from the grid point covering the positions of the surface sediment stations (see Figure 1 and Table 1 for exact location) were extracted. Similarly, the SIC fields were obtained from monthly averages of the Ocean and Sea Ice Satellite Application Facility climate data record. The data set is constructed from passive microwave satellite observations [see, e.g., Andersen et al., 2007] and is delivered on a 10 km spatial resolution stereopolar grid [Eastwood et al., 2011; Tonboe et al., 2015] . Again, the monthly averages were extracted for the grid points covering the positions of the surface sediment stations.
Surface Sediments
A total of 87 surface sediment samples (uppermost 1-2 cm) were collected along the West Greenland shelf from southern sector Qaqortoq to northern sector Uummannaq between 59°N and 72°N ( Figure 1 ). The samples were collected during a three-leg cruise of the R/V Paamiut in June-July 2014. The exact locations, sampled water depths, sampling methods, lithological description, and dating information of surface sediments are given in Table 1 . Sixty-six surface sediment samples were subject to analyses of natural 210 Pb and artificial 137 Cs radionuclides (emitted during the time of nuclear weapons testing) which were carried out by gamma spectrometry with a well detector (GCW4021-7500SL-RDC-6-ULB) at the Leibniz Institute for Baltic Sea Research. Thirty-two surface sediment samples with a 210 Pb unsupp. activity > 150 Bq/kg (see surface sample activity of dated multicorer data in Disko Bay and Holsteinsborg Dyb [Sha et al., 2012] , additional unpublished multi corer data, and by Th. J. Andresen, personal communication, 2016) Samples were rinsed, cleaned (hydrochloric acid and hydrogen peroxide), and mounted on slides with Naphrax® for light microscopy following the methods described in Krawczyk et al. [2013] . Over 300 diatom valves were counted from each sample after Schrader and Gersonde [1978] . Resting spores 
Sediment Cores
Sediment cores MSM343300 and MSM343310 were retrieved from the deep-water trough, Egedesminde Dyb, from outer SW Disko Bay ( Figure 1 ) during a cruise of the R/V "Maria S. Merian" in 2007 (cruise MSM05/03) [Harff et al., 2016] . The exact locations of the coring stations and sampled water depths are given in Table 1 . The 1132 cm long core MSM343300 was sampled at 4-8 cm intervals, while the 939 cm long core MSM343310 was sampled at 1-2 cm intervals (for 0-10 cm) and 4 cm intervals (for 10-939 cm). A total of 424 samples were prepared for diatom analysis following the methods described in Krawczyk et al. [2013] . Similarly to surface sediments (see above), over 300 diatom valves were counted per sample on a Chaetoceros-free basis and percent species abundance was used for statistical analyses.
The chronology for both cores is based on 27 accelerator mass spectrometry (AMS) 14 C dates from mollusk shells and benthic foraminifera (17 dates for MSM343300 and 20 dates for MSM343310; marked on Figures 6 and 7). AMS 14 C dates were calibrated with the Marine09 [Reimer et al., 2009] . For full details of core chronologies see Perner et al. [2011 Perner et al. [ , 2013 and Jennings et al. [2014] . MSM343310 has a relatively consistent sedimentation rate, averaging 2.7 mm/yr. In contrast, MSM343300 has a low sedimentation rate in the upper core section, averaging 0.64 mm/yr (0-592 cm) and a very high sedimentation rate in the lower core section, i.e., 7.8 mm/yr (592-1132 cm). MSM343300 covers the time interval~10.9-0.84 cal ka B.P., while MSM343310 covers the time interval~3.6-0.15 cal ka B.P. The core chronology of MSM343310 is based on a larger number of AMS 14 C dates. The diatom record was divided into local diatom assemblage zones (LDAZ) generated by cluster analysis (constrained incremental sums of squares) using TILIA program [Grimm, 1993] .
Statistical Analysis
The relationships between environmental variables and Chaetoceros-free diatom data (%) from the surface sediments (i.e., 35 samples) were analyzed using canonical correspondence analysis (CCA). The Table 2a ) along the two CCA axes. (b) Ordination diagram of dominant diatom species (>1% of diatoms in all samples) and dominant environmental variables, i.e., April SIC and July SST along the two CCA axes. Three groups of species can be identified: sea ice diatoms (to the right), "open marine" diatoms (to the left), and "mixed" water diatoms (in the middle). The highlighted groups are supported by the principal factor analysis (see Table S1 ). Full species names are given in the legend. Boertmann et al., 2013] . In the SW Greenland area, a high biomass is maintained throughout the summer until September/October [Arendt et al., 2013; Juul-Pedersen et al., 2015] . The winter months (NovemberMarch) were excluded from the analysis as poor light conditions in the Arctic and sub-Arctic regions during winter do not favor phytoplankton blooms [Juul-Pedersen et al., 2014; Krawczyk et al., 2015] . The independence and relative strength of individual monthly variables were estimated using a series of partial CCAs [Borcard et al., 1992] . Permutation test (1000 permutations) was carried out to estimate the statistical significance (P values) of relationships between environmental variables and diatom species. CCA was carried out using the xlstat program.
Surface sediment data were used to convert downcore diatom counts to quantitative SIC and SST using weighted-averaging partial least squares (WA-PLS) [ter Braak and Juggins, 1993] , maximum likelihood (ML), and modern analogue technique (MAT) [Upton and Cook, 2002] transfer function methods. The WA-PLS method estimates species' optimal abundance in response to a tested environmental variable [e.g., Miettinen et al., 2011] . The ML method estimates the expected/reconstructed environmental variable that would give the maximum probability of the observed diatom assemblages, whereas the MAT evaluates the best species assemblages' match between the fossil sample and the nearest available surface sediment sample assuming that the same diatom assemblage reflects the same environmental conditions [Upton and Cook, 2002] . Detailed descriptions of each diatom transfer function method can be found in previous studies [e.g., Justwan and Koç, 2008; Miettinen et al., 2011] . Transfer functions were carried out using C2 program [Juggins, 2007] . 
Modern Diatom Distribution
The modern distribution of diatom species along the West Greenland coast (Figure 3 ) is closely linked to modern oceanographic conditions as identified by satellite-derived sea ice concentration (SIC) and sea surface temperature (SST). The southernmost stations, including Qaqortoq and Danas Banke sectors, are characterized by Thalassiosira kushirensis, Thalassiosira sp., Thalassiosira oestrupii, Fragilariopsis oceanica, Thalassiothrix sp., Coscinodiscus radiatus, Thalassiosira nordenskioeldii and Rhizosolenia hebetata. Thalassiosira hyalina, Bacterosira bathyomphala, F. oceanica, R. hebetata, Odontella aurita, and T. nordenskioeldii are common from Fyllas Banke and Hellefiske Banke sectors. Disko Bay stations are dominated by T. kushirensis and Thalassiosira sp., together with higher abundances of Thalassiosira antarctica var. borealis, Fragilariopsis cylindrus, and O. aurita. The northernmost stations including Vaigat Strait and Uummannaq region are characterized by F. cylindrus, Fragilariopsis reginae-jahniae, Porosira glacialis, T. antarctica var. borealis, and Melosira arctica. The modern SIC estimated for the spring season (i.e., April-May) [cf. Krawczyk et al., 2015] shows highest values north of Fyllas Banke (Figure 3 ). Maximum SIC (>60%) is recorded in Vaigat and Uummannaq sectors. The SIC in the southern sectors (i.e., south of Fyllas Banke) remains low (average of 7.9%). These southern sectors display rather low SST during the summer period (July-September, when data points are available for all sampling stations; see below) with an average of 3.1°C. However, the maximum SST values (>4.4°C) are recorded in Hellefiske Banke and in Disko Bay (Figure 3) , offshore from the glacier front. Moderate SSTs are recorded from Vaigat Strait and Uummannaq area (average of 4°C). 
Species-Environment Relationship
The ordination diagrams of the diatom data and environmental variables (SIC and SST along the CCA Axes 1 and 2) are shown in Figure 4 . Diatom data include 16 dominant diatom species, i.e., >1% of diatoms in all samples to reduce the impact of rare taxa, benthic cosmopolitan, and undetermined species. Both SIC and SST were tested separately for each month corresponding to diatom bloom season, i.e., from April to September and for average of spring and summer seasons ( Figure 4a and Table 2a ). For SST we included only months when no persisting sea ice cover was recorded (no missing SST data points), i.e., July-September. This is also supported by a low % of variation in data explained by SIC (less than 4%; see Table 2a ). Previous studies in the area have also shown the presence of diatom species associated with sea ice at stations near the sea ice margin in June [Jensen, 2003; Krawczyk et al., 2014] , which may bias the analyses for SST.
The partial CCAs show that April SIC, May SIC, and July SST explain the most variance in the diatom data from surface sediments compared to other tested months, 17.2%, 14.5%, and 11%, respectively (see Table 2a ). Given that maximum sea ice extent along the coast is observed in March/April, peaks in diatom blooms (i.e., phytoplankton blooms) occur in April (as noted in section 4.3), we use April SIC as the indicator variable in the further statistical analysis, rather than May SIC. The correlation of variables with Axes 1 and 2 indicates that April SIC is positively correlated with Axis 1 and July SST is positively correlated with Axis 2 (Figure 4b ). The diatom species can be divided into three assemblages based on their modern ecology and a combination of visual inspection of species' position in relation to the tested variables on the CCA diagrams ( Figure 4 ) and quantitative establishment of indicator species using principal factor analysis (Table S1 in the supporting information). Detailed descriptions of modern ecological preferences (with literature sources) of most of the identified dominant diatoms can be found in Krawczyk et al. [2013 Krawczyk et al. [ , 2014 . The identified three assemblages Figure 7 . The dominant diatom species (>1% of diatoms in all samples) along with reconstructed April SIC and July SST (black curves representing 5-point running mean) from MSM343310, Disko Bay, plotted against age (cal ka B.P.). The location of the 20 AMS 14 C dates is marked next to the "age" axis (black diamonds).
Dominant diatom species were grouped into three key assemblages according to their ecological preferences. hebetata, and C. radiatus. "Mixed" water diatoms plotting in the middle of the biplot are represented by O. aurita, Thalassiosira sp., and T. kushirensis. In previous, qualitative diatom-based study from Disko Bay using sediment core MSM343310 [Krawczyk et al., 2013] the aforementioned species belonging to the genus Fragilariopsis were classified as (sea) ice associated diatoms while the species belonging to genus Thalassiosira as northern cold-water diatoms. This shows a close similarity to the present quantitative study. The exception to this is T. kushirensis which was classified as a warm/temperate water species [Krawczyk et al., 2013] . More recently, T. kushirensis has been described both as an Arctic species [Weckström et al. 2014] and as a species associated with slightly warmer summer waters Moros et al., 2016] .
Transfer Function
The weighted averages-partial least squares (WA-PLS), maximum likelihood (ML), and modern analogue technique (MAT) diatom transfer functions were tested for April SIC and July SST (Table 2b ). It should be mentioned that although April SIC and July SST explain the most variance in the diatom data, the actual values are rather small (17.2% and 11%, respectively). A reliable transfer function should have high values of coefficient of determination between observed and estimated variable (r 2 ) and low values of RMSE and maximum bias [Birks, 1995 [Birks, , 1998 ]. According to model performance for April SIC, both WA-PLS and ML show very good scores with high values of r 2 and low values of RMSE and maximum bias (see Table 2a ). However, in reconstructed April SIC the WA-PLS method using four and five components (with highest values of r
2
) displays values outside the range of 0-100%, whereas ML displays values within this range; hence, we use the ML method as the most reliable transfer function for reconstructing April SIC. The MAT method, on the other hand, shows too high values of RMSE and maximum bias. For July SST, the WA-PLS using five components shows the best scores with highest values of r 2 (0.88) and lowest values of RMSE (AE0.39°C) and maximum bias (0.56°C). The ML and MAT methods both show very low r 2 ; hence, WA-PLS with five components shows a better correlation between observed and estimated July SST.
The strong correlation between the observed and estimated April SIC using ML method (Figure 5a ) and July SST using WA-PLS method (Figure 5b) indicates that the generated diatom transfer functions are reliable. It should be noted that the range of SSTs observed in summer (i.e.~1-6°C) in the reference diatom data set is rather small. Also, the reconstructed July SST occasionally shows values above this range (see Figures 6 and 7) but mostly within the estimated error. Thus, in the following interpretation of the reconstructed oceanographic conditions we primarily focus on quantitative estimates of April SIC which is supplemented by identified trends and averaged values of July SST.
Stratigraphy of the Cores
A total of 207 diatom taxa were identified from the sediment cores MSM343300 and MSM343310. Of these taxa 178 were determined to species and 29 to generic levels. The most abundant species in these sediment cores are T. kushirensis, F. cylindrus, P. glacialis, T. antarctica var. borealis, and F. reginae-jahniae. All dominant species (>1% of diatoms in all samples) along with reconstructed April SIC and July SST are plotted in Figures 6 and 7 . The dominant species are grouped into three assemblages based on the understanding of their ecological preferences and modern distribution [Krawczyk et al., 2013 . The following section provides description of changes in April SIC and July SST based on diatom record during six distinguished time intervals, i.e., local diatom assemblage zones (LDAZs). 4.4.1. LDAZ1: Time Interval~10.9-10.2 cal ka B.P. LDAZ 1 is characterized by the greatest recorded variability in April SIC composed of six distinct peaks ( Figure 6 ). These peaks are represented mainly by sea ice diatoms, such as F. cylindrus, Pauliella taeniata, and P. glacialis. In this time interval April SIC recorded the lowest average value of 44% throughout the study with absolute minima of 8.8% and 10.3% at 10.85 cal ka B.P. and 10.8 cal ka B.P., respectively (Figure 6 ). Nevertheless, the overall trend in April SIC shows an increase. July SST showed the lowest recorded values with an average of 3.4°C, but with a strongly increasing trend (Figure 6 ). This trend is reflected by the "mixed" water diatom T. kushirensis and an "open marine" species F. oceanica (Figure 6 ). This zone is characterized by a high average April SIC (63%) with a rather stable trend ( Figure 6 ). The sea ice diatoms contributing most to this high value are F. reginae-jahniae, P. taeniata, P. glacialis and T. antarctica var. borealis. P. taeniata and P. glacialis reached the highest abundances in this time interval (average of 4% and 16%, respectively) throughout the study. Interestingly, P. taeniata is virtually absent after 8.0 cal ka B.P. (Figure 6 ). July SST reaches the maximum average value throughout the study of 5.6°C in this zone ( Figure 6 ). This pattern was represented by increase in abundance of all "mixed" water diatoms in this zone, i.e., T. kushirensis, Thalassiosira sp., and O. aurita together with an "open marine" diatom F. oceanica (Figure 6 ). 4.4.3. LDAZ 3: Time Interval~8.0-2.7 cal ka B.P. LDAZ 3 is marked by a slight decrease in April SIC with an average of 58% (Figure 6 ). The lowest value of 42% was recorded at 4.2 cal ka B.P. This is reflected by a decrease in abundance of sea ice diatoms (i.e., P. taeniata and P. glacialis) and an increase in abundance of "open marine" diatoms, i.e., B. bathyomphala, T. hyalina, and T. nordenskioeldii (Figure 6 ). July SST recorded lower average value of 4.7°C, compared to the previous zone ( Figure 6 ). July SST showed a rather stable trend in this time interval with a slight increase toward the end. This increase is reflected by increase in abundance of a "mixed" water diatom O. aurita ( Figure 6 ). The MSM343310 record generally showed a rather stable trend in April SIC and July SST after~3.6 cal ka B.P. (Figure 7 ). 4.4.4. LDAZ 4: Time Interval~2.7-0.7 cal ka B.P. The description of diatom record for LDAZ 4 and the following LDAZ 5 is based on MSM343310 (Figure 7 ) as this sediment core better reflects the late Holocene oceanographic conditions (see section 3). Nevertheless, both MSM343300 and MSM343310 show an overall increase in April SIC (Figures 6 and 7) . Highest values of April SIC were recorded from 1.2 to 0.7 cal ka B.P. with an average of 70% (Figure 7 ). These highest values are driven by a strong increase in abundance of F. cylindrus and also F. reginae-jahniae. July SST records a slightly lower average value of 4.3°C compared to the previous zone ( Figure 7 ). Highest July SSTs were recorded between 2.3 and 1.6 cal ka B.P. (average of 5.3°C) driven by high abundances of "mixed" water diatoms in this zone, i.e., T. kushirensis and O. aurita (Figure 7 ). This high July SST was followed by a sharp decrease, particularly pronounced after 1.0 cal ka B.P. (average of 3.4°C). 4.4.5. LDAZ 5: Time Interval~0.7-0.15 cal ka B.P. April SIC showed a generally decreasing trend during this time interval, yet with a relatively high average of 64% (Figure 7 ). This decreasing trend is clearly influenced by a significant decrease in abundance of the sea ice diatom F. cylindrus (Figure 7) . Nevertheless, two pronounced peaks, mirroring peaks in abundance of the sea ice diatom F. reginae-jahniae, were recorded at~0.53 cal ka B.P. (76%) and~0.4 cal ka B.P. (81%). In contrast, July SST showed a pronounced increase in this zone with an average value of 4°C (Figure 7 ). This increase is reflected by a strong increase in abundance of the "mixed" water diatom T. kushirensis. The highest July SST was recorded after 0.4 cal ka B.P. (Figure 7 ).
Discussion
Regional Diatom Data Set
The modern distribution of diatom species along the West Greenland coast shows a clear latitudinal grouping. Statistical analysis shows that this latitudinal pattern is largely influenced by the distribution of spring sea ice cover (i.e., April sea ice concentration; SIC) and summer water temperature (i.e., July sea surface temperature; SST) (Figures 3 and 4) . Based on modern ecology of diatoms and a combination of CCA ( Figure 4 ) and principal factor analysis (Table S1 ), we distinguish three groups: (1) sea ice diatoms influenced by northern sea ice cover, (2) "open marine" diatoms influenced by southern ice-free waters, and (3) "mixed" water diatoms influenced by sea ice cover and warmer summer waters. Nevertheless, April SIC and July SST do not explain most of the variance in the diatom data set suggesting that other, probably nonphysical drivers, such as nutrient supply or succession patterns among microplankton species (compare with Krawczyk et al. [2015] ) might play an important role in diatom distribution along the West Greenland coast. The transfer function developed here relies on satellite-derived environmental variables, hence, it is limited how much of the actual variance in diatom assemblages, including biological aspects of the marine ecosystems, can be explained. However, a strong correlation between studied modern diatom species and environmental variables and low estimated error values (Tables 2a and 2b ) make this modern data set useful and reliable in quantitative reconstructions using the transfer function technique. 
Transfer Function Reconstruction
Our quantitative reconstruction of oceanographic conditions in Disko Bay reflects significant changes in April SIC supplemented by changes in July SST offshore West Greenland during the last~11,000 years. In this study we compare our quantitative diatom-based reconstructions from Disko Bay with corresponding studies with quantitative data from the western sector of the North Atlantic Ocean throughout the Holocene (Figure 8 ). These reconstructions are discussed in relation to the climatic trends from the Greenland-Arctic region (Figure 8 ). This quantitative study supports the general findings regarding surface water conditions described from previous diatom-based qualitative reconstructions from Disko Bay using the same sediment cores covering the middle to late Holocene period [Krawczyk et al., 2013; Moros et al., 2016] . In particular, in aforementioned qualitative reconstructions relative abundances of diatom species regarded as "(sea) ice associated" are convergent with our April SIC reconstruction for the last~8 cal ka B.P.; relative abundances of "warmer water" diatoms are in line with our July SST record mostly for the late Holocene. For detailed interpretations of local surface and subsurface water conditions in Disko Bay using multiple proxies from the same sediment cores, i.e. diatoms, alkenones, dinocysts, and benthic foraminifera, please see Moros et al. [2016] . 5.2.1. Early Holocene (~10.9-8.0 cal ka B.P.) Stage I (LDAZ 1). Several strong peaks in April SIC with amplitude of over 40% were recorded between~10.9-10.2 cal ka B.P. suggesting centennial-scale pulses of strong spring time melting of sea ice (Figures 8c and 9 ). Very high sedimentation rate and high content of glacial detritus recorded in the sediment core (i.e., MSM343300) only in this time interval [Harff et al., 2016] suggest a strong freshwater input associated with glacial discharge of the western Greenland Ice Sheet. The identified oceanographic conditions correspond to a strong warming trend in atmospheric temperature over the Greenland-Arctic region (Figures 8a and  8b ) [Alley et al., 1999; Vinther et al., 2009 ] and significant, continued deglaciation of the western Greenland Ice Sheet. The deglaciation of the central Disko Bay is dated for 10.2 cal ka B.P. based on the westward retreat of Jakobshavn Isbrae [Lloyd et al., 2005] . Enhanced ice sheet ablation in Disko Bay was reported between 10.9 and 9.5 cal ka B.P. [Jennings et al., 2014] . In the northern Baffin Bay region calving margins of the Laurentide Ice Sheet were suggested to produce large meltwater pulses along the central West Greenland margin bỹ 10.5 cal ka B.P. [Jennings et al., 2014; Sheldon et al., 2016] . Roberts et al. [2009] indicate retreat of Greenlandic glaciers from the continental shelf until~10.0 cal ka B.P. A strong decrease in May SIC from over 50% to~10% was recorded from the north Iceland shelf in this period (Figure 8e ) [Justwan and Koç, 2008] suggesting a retreat of sea ice cover in the North Atlantic region. This decrease is accompanied by a strong increase in August SST (Figure 8f ) [Justwan and Koç, 2008] in the area. Also in Reykjanes Ridge, south of Iceland, summer SSTs were relatively high from 11.0 to 10.0 ka B.P. (Figure 8h ) [Andersen et al., 2004b] . Stronger influence of warmer waters along with minimal sea ice cover was suggested between 11.3 and 9.9 cal ka B.P. off the south coast of Newfoundland . These reconstructions of summer warming in surface waters alongside increase in July SST recorded from this study can be ascribed to high summer insolation identified at the beginning of the Holocene [Andersen et al., 2004b] .
Stage II (LDAZ 2). High April SIC accompanied by high July SST recorded between~10.2 and 8.0 cal ka B.P. (Figures 8c and 8d and 9 ) indicate a strong signal of spring time melting throughout the Holocene. This can also indicate a long bloom period producing high abundances of spring and summer species. Interestingly, Pauliella taeniata shows highest abundances in the early Holocene but very little presence after 8.0 cal ka B.P. (Figure 6 ). This species is known as a brackish-water form, common mainly in Arctic areas influenced by freshwater input from Canadian and Siberian rivers and also abundant in the Baltic Sea low-salinity waters [Hasle and Syvertsen, 1996] . The peak in abundance of this species would support the interpretation of a strong freshwater discharge from the Greenland Ice Sheet, as well as from the Canadian Arctic, persisting into the early Holocene [Williams et al., 1995] . This interpretation of continued strong melting with warmer summer waters in Disko Bay corresponds to the significant climate warming in the early Holocene (Figure 8a and 8b) [Alley et al., 1999; Vinther et al., 2009] , widely recognized in the Northern Hemisphere [e.g., Kullman, 1999; Kaufman et al., 2003] . Oceanic and climatic warming seems to coincide with maximum thinning of the Greenland Ice Sheet in this period [Vinther et al., 2009] . In outer Disko Bay, strong meltwater influence associated with final deglaciation of the inner continental shelf and retreat of the Greenland Ice Sheet into the fjords and on land prevailed until~8.0-7.5 cal ka B.P. [Jennings et al., 2014; Moros et al., 2016] . In addition, the retreat of Jakobshavn Isbrae into the fjord system (Jakobshavn Isfjord) close to the approximate twentieth century margin was most likely associated with enhanced inflow of the West Greenland Current [Alley et al., 1999] , (b) The 20 year average temperature (5-point mean) reconstructed from averaged ice core data from Agassiz-Renland [Vinther et al., 2009] , (c) reconstructed April SIC from diatom record from MSM343300 (dark blue curve) and MSM343310 (light blue curve) (this study), (d) reconstructed July SST from diatom record from MSM343300 (dark red curve) and MSM343310 (light red curve) (this study), (e) reconstructed May SIC and (f) August SST from diatom record from core MD99-2269, North Iceland shelf [Justwan and Koç, 2008] , (g) diatom-based reconstruction of the August SST from core CR 19/5, East Greenland shelf [Andersen et al., 2004a] , and (h) diatom-based reconstruction of the August SST from core LO09-14, Reykjanes Ridge [Andersen et al., 2004b] . The time intervals: the Roman Warm Period (RWP), the Medieval Climate Anomaly (MCA), and the Little Ice Age (LIA) based on the NW European system are included (see in text). Local diatom assemblage zones (LDAZ) are marked on the plot.
(WGC) after~9.2 cal ka B.P. [Lloyd et al., 2005] . Our record of maximum July SST seems to confirm the warming within the WGC during the early Holocene, most likely derived from the warm Irminger Water. In the North Atlantic region, the early Holocene climatic warming has been attributed to an enhanced regime of the North Atlantic Current system [Andersen et al., 2004a [Andersen et al., , 2004b . A reconstructed August SST from the (Figure 8h ) [Andersen et al., 2004b] . Stronger influence of Atlantic water masses was recorded in the Norwegian Sea at this time [Koç Karpuz and Jansen, 1992; Andersen et al., 2004a ]. An eastward shift in the Arctic front system toward the Norwegian Sea was identified from the early to middle Holocene associated with warming in surface waters [Moros et al., 2004] . 5.2.2. Holocene Thermal Optimum (~8.0-2.7 cal ka B.P., LDAZ 3) A decrease in April SIC along with July SST (Figures 8c and 8d ) offshore West Greenland during this interval suggests reduced sea ice cover and melting of sea ice. Oceanographic conditions might reflect more stable spring-summer water conditions, compared to the early Holocene. These conditions correspond to relatively warm climatic conditions over Greenland and the wider Arctic region (Figures 8a and 8b ) [Alley et al., 1999; Vinther et al., 2009] , recognized as the Holocene Thermal Optimum (HTO) in the Northern Hemisphere [e.g., Johnsen et al., 2001; Jennings et al., 2014] . Previous studies from Disko Bay indicate a minimum Greenland Ice Sheet extent during the HTO and ocean cooling toward the end of this period (in Moros et al. [2016] ).
Other studies from West Greenland suggest a slightly later Greenland Ice Sheet minimum between 5 and 3 ka B.P. [Ren et al., 2009; Young and Briner, 2015] . Generally low SIC between 5 and 3.8 cal ka B.P. was recorded from Vaigat Strait using recent diatom transfer function suggesting relatively warm surface water conditions with strong influence of the Irminger Current [Sha et al., 2014] . On the North Iceland shelf and East Greenland shelf, generally decreasing trends in August SST were recorded throughout this period (Figures 8f and 8g ) [Justwan and Koç, 2008; Andersen et al., 2004a] . In addition, glacier advances have been reconstructed in North Iceland [Stötter et al., 1999] and an increase in ice rafting offshore East Greenland for this period [Jennings et al., 2002; Moros et al., 2004] . This increase in iceberg rafting and glacial advance in Iceland may be linked to reduced solar irradiance [Bond et al., 2001] . In contrast, a pronounced increase in August SST was recorded at the Reykjanes Ridge until~5.0 ka B.P. (Figure 8h ) [Andersen et al., 2004b] associated with enhanced North Atlantic Current flow via the Irminger Current. Quantitative diatom analyses from the Norwegian Sea show warming in surface waters between 3.5 and 2.7 cal ka B.P. [Birks and Koç, 2002; Berner et al., 2011] . The terrestrial data from Scandinavia suggest relatively mild climatic conditions at 3.7 cal ka B.P. [Snowball et al., 1999; Hammarlund et al., 2002] . However, general storminess and cyclone activity identified in the North Atlantic during this period [Andersen et al., 2004b; Witak et al., 2005] suggest fluctuations in the North Atlantic Oscillation (NAO), as identified previously by Giraudeau et al. [2000] and Andersen et al. [2004a] . Termination of the HTO coincides with the commonly reported "Neoglacial" cooling after~4.0-3.5 cal ka B.P. [e.g., Andersen et al., 2004a; Jennings et al., 2014; Moros et al., 2016] . 5.2.3. Late Holocene (2.7-0.15 cal ka B.P., LDAZ 4) A rather low April SIC corresponds to the European Roman Warm Period (RWP, 2.3-1.5 cal ka B.P.) [Seidenkrantz et al., 2008] and a strong decrease in April SIC to the Little Ice Age, accompanied by reversed July SST trends (LIA,~0.7-0.15 cal ka B.P.) (Figures 8c and 8d and 9) suggesting warmer surface waters. In contrast, a pronounced increase in April SIC corresponds to the European Medieval Climate Anomaly (MCA, 1.2-0.7 cal ka B.P.) [Mann et al., 2009] (Figures 8c and 9 ). This period is also characterized by slightly cooler July SSTs indicating strong spring time melting (i.e., surface water cooling). These late Holocene trends in surface water conditions in Disko Bay were also recorded in previous studies, e.g., qualitative diatom records [Krawczyk et al., 2013; Moros et al., 2016] , quantitative diatom sea ice record for the RWP [Sha et al., 2014] , dinoflagellate records for the RWP and the MCA [Seidenkrantz et al., 2008; Ribeiro et al., 2012] , and alkenone records (i.e., SST and salinity) for the MCA and the LIA (data from the same sediment cores) [see Moros et al., 2016, Figure 4 ]. In previous diatom-based studies Krawczyk et al. [2010 Krawczyk et al. [ , 2013 suggested that the trends identified during the MCA and LIA were linked to stronger seasonal oceanographic variability, i.e., increased spring time melting leading to cooler summer waters (MCA) and reduced spring time melting leading to warmer summer waters (LIA).
The European warm climate events of the RWP and the MCA were not recorded from reconstructed atmospheric temperatures from the Greenland-Arctic region (Figures 8a and 8b) [Vinther et al., 2009] . In the North Atlantic region, the RWP was characterized by higher August SST on the North Iceland shelf (Figure 8f ) [Justwan and Koç, 2008] and warmer conditions on the East Greenland shelf [Jennings et al. 2002] and Reykjanes Ridge . On the other hand, cooling of surface waters during the MCA was recorded across SW Greenland [Roncaglia and Kuijpers, 2004] , Labrador Sea [Seidenkrantz et al., 2007] , and the Reykjanes Ridge [Miettinen et al., 2012] , thus supporting our findings. In contrast, a generally higher SST during the LIA (a period of climate cooling) was reported from the Labrador Sea [Seidenkrantz et [Sicre et al., 2014] , North Iceland shelf (Figure 8f ) [Justwan and Koç, 2008] , and the Reykjanes Ridge (Figure 8h ) [Andersen et al., 2004a; Miettinen et al., 2012] . The cold-water conditions during the MCA and warm-water conditions during the LIA identified in this study support the antiphase relationship between SST in the west sector of the North Atlantic and climate trend in the NW Europe [Krawczyk et al., 2010 [Krawczyk et al., , 2013 . The antiphase identified during the MCA can be linked to the positive NAO, when a strong contrast between Icelandic Low and Azores High leads to a large ocean temperature gradient between west (i.e., low temperature) and east (i.e., high temperatures) [Andersen et al., 2004a] . The relatively long-lasting, centennial-scale phases of positive NAO have been reported both for the RWP [Olsen et al., 2012] and especially for the MCA [Trouet et al., 2009; Olsen et al., 2012] . Our April SIC along with July SST data indicate that the surface conditions were warmer in the study area during the RWP than during the MCA which is in line with a slightly weaker NAO phase during the RWP compared with that of the MCA. Also, linked with the long-lasting positive NAO phase, an enhanced Atlantic Meridional Overturning Circulation (AMOC) and northwest heat transport could have triggered coastal glacial melting in the West Greenland region during the MCA leading to the freshening of the surface water and further cooler SST and increased sea ice in the study area. The "LIA antiphase" on the other hand corresponds to a longer persisting (i.e., more numerous) negative NAO phase suggested for the late Holocene [Andersen et al., 2004a; Miettinen et al., 2011] and characterized by weaker contrast between the Icelandic Low and Azores High leading to weaker heat transport to the north [Andersen et al., 2004a] . Also, the intensification of the subpolar gyre linked to the variability of the AMOC is suggested to explain the recorded positive SSTs resulting from increased advection of Atlantic Water (Irminger Water) by the WGC during the LIA [Miettinen et al., 2012] . Intensified inflow of the Irminger Current into the SE Greenland shelf was suggested at 0.7 cal ka B.P. [Andresen et al., 2013] . In addition, other studies show higher air temperatures in the West Greenland region [e.g., Long et al., 2012] and change in moisture source over central Greenland suggesting a stronger meridional circulation during the LIA [e.g., Dawson et al., 2003] , thus supporting the positive temperature anomaly pattern identified in the western sector of the North Atlantic region (see above).
The Significance of the West Greenland Region
The dynamic nature of the climate-ocean-ice sheet interactions along the West Greenland margin make it an important region to study to improve our understanding of potential future impacts of climate change. This region has a wide range in modern-day sea ice concentration (SIC) linked to significant spatial and temporal variability in glacial-derived meltwater, as well as significant variability in ocean forcing linked to the Atlanticsourced Irminger Water and Arctic-sourced Polar Water of the West Greenland Current (WGC). Ocean circulation within the West Greenland region is a key part of the Baffin Bay circulation system and feeds directly into the Labrador Sea, an area of importance in the global thermohaline circulation system. Changes in SIC and sea surface temperature (SST) related to meltwater flux and variability in the WGC have potential implications for deep-water formation in the Labrador Sea and the larger-scale thermohaline circulation. Reconstructing past changes in oceanographic conditions such as sea ice cover and SST, and their relationship to broader climate, oceanographic, and ice sheet trends will help to improve our understanding of the links between these important elements of the climate system. During the early Holocene, the high variability of April SIC and July SST reconstructed in this study indicates significant meltwater delivery from western Greenland Ice Sheet into the Baffin Bay region. Such meltwater delivery would potentially feed through to the Labrador Sea impacting on the formation of Labrador Sea Water, an important component of the broader Atlantic Meridional Overturning Circulation (AMOC). The reduction of significant meltwater delivery to the West Greenland margin identified here coincides with a significant change in the Labrador Sea recorded at 7.6 cal ka B.P. indicating the start of convection at the formation of Labrador Sea Water, similar to the modern circulation system [Gibbs et al., 2015] . Subsequently, the late Holocene antiphase relationship between West Greenland oceanographic conditions and general NW European conditions identified here also have the potential to influence broader oceanographic circulation and the AMOC. Even the recently observed decadal changes resulting in reduced sea ice cover and increased glacial discharge into the Baffin Bay region [e.g., Comiso, 2006; Vinther et al., 2009] are likely to have a significant impact on the surface water density, in turn altering the strength of the AMOC [Bakker et al., 2012] . Quantitative reconstructions, such as those presented here, will be useful in testing and refining future climate model outputs. It is, therefore, important to develop quantitative reconstructions of oceanographic conditions from local/regional data sets that can be directly comparable with corresponding satellite-derived data.
Concluding Remarks
The newly developed modern diatom data set from the West Greenland region has proven to be reliable for generating quantitative reconstructions of surface water temperature and sea ice cover in the area using a transfer function method. The advantage of our analyses over past research is that the modern data set used in our study is from the same region as the paleoreconstructions and, by restricting our surface samples to those that have a modern age based on 210 Pb and 137 Cs analyses, we eliminate any problems of reworking of surface sediments and transportation of diatoms. Our~11,000 year high-resolution diatom record from Disko Bay revealed a clear influence of primarily spring sea ice concentration (i.e., April SIC) and also summer sea surface temperature (i.e., July SST) on changes in oceanographic conditions. Strong centennial-scale outbursts of spring time melting of sea ice and increasing temperature in summer waters prevailed during the early Holocene deglaciation of the western Greenland Ice Sheet. These conditions stabilized during the Holocene Thermal Optimum for at least 5000 years. The late Holocene antiphase relationship between surface water conditions in the Disko Bay area and climate trends in NW Europe, i.e., high April SIC during the warm Medieval Climate Anomaly and higher July SST during the cold Little Ice Age (LIA), reflect a stronger seasonality and fluctuations within the North Atlantic Oscillation. The LIA antiphase is particularly interesting as higher SSTs were recorded from a broader western sector of the North Atlantic as a possible result of variability in the Atlantic Meridional Overturning Circulation. The reconstructed April SIC supported by July SST corresponds well with the atmospheric temperature trends reconstructed from the GISP2 ice core data for the early to middle Holocene (~11.0-4.5 cal ka B.P.).
